Mature B-cell acute lymphoblastic leukemia (ALL) is typically associated with the FAB-L3 morphology and rearrangement of the MYC gene, features characteristic of the leukemic phase of Burkitt's lymphoma. However, the term 'mature' has also been used to describe other rare cases of B-ALL with light-chain surface immunoglobulin expression. In contrast, infantile B-cell ALL is generally characterized by rearrangement of the MLL gene, an immature pro-B-cell phenotype, and CD10 negativity. We describe two unusual cases of infantile B-ALL with non-L3 morphology, expressing a mature B-cell phenotype (k sIg þ , CD19 þ , CD10À, TdTÀ, and CD34À), and showing MLL rearrangement without MYC rearrangement at presentation. Both infants relapsed after months of morphologic and genetic remission. At relapse, the t(9;11) translocation was detected in both cases by spectral karyotyping. After the initial relapse, both cases followed a rapid and aggressive course. Literature search identified few similar cases, all expressed k surface immunoglobulin and showed MLL rearrangement (majority with the t(9;11) translocation). These cases show that B-ALL with MLL rearrangement, especially the t(9;11) translocation, can express a 'mature' B-cell phenotype and may represent a distinct subset. Identification of additional cases will further clarify the significance of MLL rearrangements in mature B-ALL.
Acute lymphoblastic leukemia (ALL) is a heterogeneous group of hematopoietic neoplasms. Precursor B-ALL, characterized by FAB-L1 or L2 morphology and surface immunoglobulin (sIg)À, TdT þ, CD34 þ immature B-cell phenotype, 1,2 comprises 90% of ALL. The less common mature B-ALL, characterized by a FAB-L3 morphology and sIg þ and TdTÀ phenotype, is usually associated with MYC gene rearrangements and represents the leukemic phase of Burkitt's lymphoma. However, rare cases of B-ALL with non-FAB-L3 morphology and without MYC rearrangements have also been reported in both adult and pediatric patients as 'mature B-ALL'. [3] [4] [5] [6] [7] [8] [9] These cases may or may not express TdT and CD34, but uniformly express sIg to some degree.
Infantile B-ALL, generally a precursor B-ALL, has a poor prognosis and is frequently associated with rearrangement of the MLL gene [10] [11] [12] through different genetic aberrations involving chromosome 11q23. Reciprocal translocations are most common and the following are most common in decreasing order of frequency: t(4;11)(q21;q23), t(11;19)(q23;p13.3) and t(9;11)(p21-22;q23). [10] [11] [12] MLL gene rearrangements are seen in both B-ALL and T-cell ALL, and in acute myelogenous leukemia (AML), especially DNAtopoisomerase inhibitor therapy-related AML. 13, 14 Infantile B-ALL with MLL gene rearrangements or MLL þ precursor B-ALL has typically a CD10À, CD20À, CD34 þ , TdT þ, and HLA-DR þ pro-B-cell immunophenotype. In addition, myeloid and naturalkiller cell antigens, such as CD15 and CD56, can frequently be expressed. 12 This is in contrast to B-ALL in infants without MLL gene rearrangement, which frequently expresses CD10. In gene expression profile studies, MLL þ precursor B-ALL shows a profile consistent with an early hematopoietic progenitor that is distinct from conventional B-ALL and AML, suggesting that MLL þ precursor B-ALL is a clinically and molecularly unique entity. 15 Among the cases of mature B-ALL of non-FAB-L3 morphology reported in children, rare cases contain MLL gene rearrangements. Of the cases studied, all have been reported as the t(9;11) translocation. We describe two additional cases of MLL þ mature B-ALL in infants, both showing a mature B-cell phenotype with l sIg þ , CD19 þ , CD10À, CD34À, and TdTÀ and containing a t(9;11) translocation. These cases show that MLL þ B-ALL, especially those with a t(9;11) translocation, can express a mature B-cell phenotype and may represent a distinct subset of B-ALL. Identification of additional cases will further clarify the significance of MLL rearrangements in mature B-ALL.
Materials and methods

Morphology Assessment
Bone marrow aspirate smear slides were air dried and stained with Wright-Giemsa stain. Bone marrow biopsies were fixed in Bouin's solution and then decalcified. Paraffin-embedded tissue sections were stained with hematoxylin and eosin for routine histomorphology.
Immunophenotyping by immunohistochemistry
Immunohistochemical analysis (IHC) was performed on formalin-fixed and paraffin-embedded sections using the Dako Envision plus system for detection (DAKO, Carpinteria, CA, USA). Immunostains included CD20, CD79a, and Bcl-6 (DAKO, Carpinteria, CA, USA), CD10 (Novocastra, Burlingame, CA, USA), Bcl-2 (Biogenex, San Ramon, CA, USA), TdT (Supertechs, Bethesda, MD, USA) and c-MYC (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Immunophenotyping by flow cytometry
Immunophenotyping was performed by flow cytometric analysis (FACScan; Becton Dickinson, San Diego, CA, USA) using the Cell Quest software (Becton Dickinson) on bone marrow aspirate and peripheral blood samples collected in ethylene diamine tetraacetic acid (EDTA) according to standardized procedures. Antibodies included CD2, CD3, CD4, CD5, CD7, CD8, CD10, CD11c, CD13, CD14, CD16 þ 56, CD19, CD20, cCD22, CD33, CD34, CD45, CD64, CD79a, CD117, TdT, MPO, Kappa, Lambda, and cIgM.
Cytogenetic Analysis
Conventional G-banded chromosome analysis was performed by standard methods, and the karyotype was described according to ISCN 1995. 16 Fluorescence in situ hybridization (FISH) and spectral karyotype (SKY) analysis FISH was performed using LSI MLL dual color break apart and LSI C-MYC probes obtained from VYSIS (Downers Grove, IL, USA) and hybridized by standard methods. Hybridization signals were scored on Nikon Eclipse 600 microscope attached to CytoVision imaging system (Applied Imaging, Santa Clara, CA, USA). SKY was performed on metaphase preparations using human SKYPaint kit obtained from Applied Spectral Imaging (Carlsbad, CA, USA) according to the manufacturer's protocol. SKY images were acquired with SD200 Spectra cube mounted on Nikon Eclipse 800 microscope by using SKY optical filter (Chroma Technology, Brattleboro, VT, USA) analyzed using the SKY View software.
Molecular Analysis
Molecular analysis performed on the JH region of the Ig heavy chain gene (JH) and T-cell receptor gamma (TCR g) gene using polymerase chain reaction (PCR)-heteroduplex analysis with polyacrylamide gel electrophoresis with the FRIIIB and JH-B primers and V1 V9, V10/11, J1/2, JP, and JP1/P2 primers, respectively, as reported by Sioutos et al 17 and Bottaro et al, 18 respectively.
Case reports
Case #1
The patient was a 4-month-old male who presented with a patchy, erythematous raised macular rash, multiple subcutaneous nodules on the scalp and trunk, massive hepatosplenomegaly and bilateral testicular enlargement. At admission, the patient had leukocytosis (33 200/ml, reference range 5000-16 000/ml) and thrombocytopenia (136 000/ml, reference range 165 000-415 000/ml). Peripheral blood smears showed small to medium-sized blast cells with high nuclear:cytoplasmic ratio, variably irregular nuclei with fine chromatin and inconspicuous nucleoli, and scanty blue nonvacuolated cytoplasm consistent with a FAB non-L3 morphology ( Figure  1a ). Bone marrow, skin, and testicular biopsies showed extensive disease. No central nervous system involvement was present at this time. The patient was treated according to the Interfant-99 Protocol (vincristine, daunorubicin, prednisone, L-asparaginase, and low-dose Ara-C followed by alternating high-dose methotrexate with high-dose Ara-C) with localized radiation for the testicular involvement. Rapid response (significant decreases in leukocyte count to o500/ml and resolution of organomegaly) to prephase and induction chemotherapy was seen. Complete remission was documented with follow-up bone marrow biopsies, flow cytometric studies, and cytogenetic studies including FISH analyses. At 5 months after initial diagnosis, the patient relapsed with central nervous system, soft tissue and bone marrow involvement. Reinduction therapy included vincristine, idarubicin, L-asparaginase, and dexamethasone with intrathecal Ara-C, hydrocortisone, and methotrexate, and localized radiation for soft-tissue disease. However, the patient did not respond and the disease progressed with increasing leukocytosis (peak 79 000/ml). Despite additional courses of mitoxantrone, Ara-C, and monoclonal anti-CD52 antibodies, the patient died 11 months after diagnosis.
Case #2
The patient was an 8-month-old girl presenting with high fevers, fatigue, pallor, massive hepatosplenomegaly, generalized lymphadenopathy, and a diffuse rash with several subcutaneous nodules. At admission, the patient had marked leukocytosis (160 900/ ml) and thrombocytopenia (19 000/ml). Peripheral blood smears showed numerous blasts with non-FAB-L3 similar to the previous case. Bone marrow and skin involvement were documented on biopsies. The patient was pretreated with steroids and then placed on the Interfant-99 Protocol. The patient responded with rapid reduction in peripheral leukocyte count and resolution of the organomegaly, lymphadenopathy, and skin lesions. Complete remission was documented on bone marrow biopsies, flow cytometric studies and cytogenetic studies including FISH analyses. Subsequently, the patient received a 4/6 HLA-matched allogeneic cord blood transplant. However, 65 days after receiving the unrelated allogeneic cord blood transplant, the patient had recurrent acute leukemia, approximately 6 months after initial diagnosis and died soon after from respiratory failure associated with progressive disease.
Results
Immunophenotypic analysis by IHC and flow cytometry performed on bone marrow aspirates/ biopsies and peripheral blood showed similar findings in both patients. Blast cells were found to (Figure 2a-c  and f) . CD10, TdT, and CD34 were negative ( Figure  2c-e) . All other markers performed by flow cytometry and IHC, including all myelomonocytic markers, were negative. Molecular analysis of the JH and TCR g genes showed monoclonal rearrangement of the JH and polyclonal rearrangement of the TCR g in both cases. Both patients had normal karyotypes by conventional karyotyping, but FISH analyses using an MLL probe detected MLL translocations. No evidence of MYC rearrangements was present at this time.
In both patients, the recurrent leukemic blasts had a different immunophenotype from the original. In the first patient, recurrent blast cells showed monocytic morphology (Figure 1b ) and phenotype
and negative for all Bcell markers). However, analysis of the JH gene by PCR and DNA sequencing showed monoclonal JH rearrangement identical to the initial leukemia. In addition, MLL rearrangement continued to be present by FISH analyses. SKY analysis identified the following karyotype: 46,XY,t(9;11)(p21;q23) [3] / 46,XY,der(1)t(1;8)(p36.3;q13),t(9;11)(p21;q23) [16] / 46,XY [1] (Figure 3a) . The additional translocation der(1)t(1;8)(p36.3;q13) identified resulted in a partial trisomy of 8q, an additional copy of the MYC gene (confirmed by FISH), and overexpression of MYC protein by IHC. In contrast, the initial lymphoblastic cells did not overexpress the MYC protein by IHC. In the second patient, blast cells lost expression of l sIg and gained expression of the CD2 and CD7 T-cell antigens. Interestingly, molecular analysis showed monoclonal JH rearrangement identical to the original leukemia and a monoclonal TCR g rearrangement not present in the initial leukemia. SKY analysis identified a very complex karyotype that included a t(9;11) translocation in all cells examined (Figure 3b ).
Discussion
The term 'mature B-ALL' has been used in the literature to describe rare cases of B-ALL, other than Burkitt's lymphoma, characterized by expression of pan-B-cell markers and sIg with light-chain restriction. 9 These cases can show non-FAB-L3 morphology with sIg expression and MYC rearrangement, [7] [8] [9] L3 morphology with sIg expression but no MYC rearrangement, 19 and rare cases showing sIg expression with non-FAB-L3 morphology and no MYC rearrangement. [3] [4] [5] [6] [7] [8] [9] Some of these sIg þ B-ALL cases Mature B-cell acute lymphoblastic leukemia L Tsao et al may even express TdT and CD34 3,4,9 and may represent an intermediate differentiation stage between the pre-B-cell and mature B-cell. 20 These cases should probably be more appropriately named 'surface immunoglobulin-positive B-ALL. ' The most common cytogenetic abnormalities associated with mature B-ALL are translocations involving the MYC gene, including t(8;14), t(2;8), and t (8;22) . 8 Rare cases with additional or other cytogenetic abnormalities have also been reported, including t(14;18) and t(8;9)(q24;p13); 21 t(8;14)(q24;q32) and À15,der(1;15)(p10;q10); 22 t(1;19) and t(14;18); 23, 24 and even normal karyotype. 19 Cytogenetic abnormalities involving the MLL gene at 11q23 have very rarely been reported in mature B-ALL. Literature review reveals four cases of MLL þ mature B-ALL. [3] [4] [5] [6] Two additional cases are identified, one of ALL and the other of lymphoblastic lymphoma 25 (both presented at an international meeting, cases #106 and #139, Society for Hematopathology/European Association of Hematopathology workshop, Pediatric Hematopathology, Memphis, TN, USA). a and b) . The breakpoints were derived from the DAPI image and G-banded karyotype. The following karyotypes are shown: (a) 46,XY,der(1)t(1;8)(p36.3;q13),t(9;11)(p21;q23) and (b) 46,XX,del(1)(q32),t(4;6)(q32;q24),t(9;11)(p21;q23), der(14)t(1;14)(q32;q32.3). We describe two additional cases of MLL þ mature B-ALL in infants, both with non-FAB-L3 morphology, showing the typical sIg þ , CD10-, CD34-, and TdT-mature phenotype and no MYC rearrangement. MLL rearrangement was detected by FISH analysis in both cases. The presence of a t(9;11) translocation was demonstrated by SKY analysis upon recurrence in the first case, and by both conventional karyotyping and SKY analysis upon recurrence in the second case. Clinically, the first case followed the typical MLL þ precursor B-ALL course with multiple relapses resulting in early death of the patient. Similarly, the second case eventually relapsed after bone marrow transplantation, also resulting in early death.
Interestingly, all MLL þ mature B-ALL (including ours, 8/8) express l-restricted sIg and all cases studied (6/6) contain the t(9:11) translocation (Table  1) . In two cases, the underlying translocation was not reported. The predominance of the t(9;11) translocation and l-isotype in MLL þ mature B-ALL cases is very peculiar, however, the reason is not quite clear. Predominance of l-isotype has also been reported in MLL-negative mature B-ALL of non-FAB-L3 morphology. [7] [8] However, the t(9;11) translocation, although the most common 11q23 chromosomal abnormality associated with de novo AML with monocytic differentiation (FAB M4 and M5) and DNA-topoisomerase inhibitor therapyrelated AML, is only rarely seen in precursor B-ALL. [10] [11] [12] 26, 27 Although the exact fusion gene in our cases was not determined, studies of the t(9;11) translocation in AML most commonly results in a fusion of the MLL and AF9 genes. 26 Additional studies have suggested that the resultant MLL/AF9 fusion gene is involved in myeloproliferation 13 and leukemogenesis. [26] [27] [28] Double knock in mice expressing the t(9;11) fusion gene develop predominantly AML with only a minority displaying features of ALL. 27 Studies of the MLL-AF9 genomic breakpoint junction in AML, DNA-topoisomerase inhibitor therapyrelated AML and ALL have suggested that the fusion point within the AF9 gene may influence the phenotype of the resulting leukemia. 26 However, the exact mechanism of leukemogenesis is still unclear, as is its role in MLL þ mature B-ALL.
In our first case, the original mature B-ALLphenotype switched into a morphologically and phenotypically monocytic lineage in subsequent relapses. PCR and DNA sequencing of the JH gene showed identical clonal rearrangement to the initial lymphoblastic leukemia. In addition, the MLL rearrangement was retained and shown to be a t(9;11) translocation by SKY. These findings suggest a leukemic transformation rather than the presence of two leukemic lineages. The phenomenon of lineage switching has been previously reported in cases of MLL þ precursor B-ALL that also switched to a monoblastic leukemia. 29 The presence of bipotential B-macrophage progenitor cells in adult Mature B-cell acute lymphoblastic leukemia L Tsao et al bone marrow 30, 31 and that MLL þ B-ALL shows gene expression profiles consistent with early hematopoietic progenitors 15 may provide some explanation for these lineage switching events. The additional t(1;8) translocation, subsequently identified by conventional karyotyping, FISH and SKY analysis, resulted in an additional copy of MYC gene with subsequent overexpression of MYC protein demonstrated by IHC. However, neither MYC protein overexpression nor the t(1;8) translocation was present in the initial MLL þ mature B-ALL, suggesting that this translocation is secondary to tumor progression.
In our second case, the leukemic cells changed immunophenotype upon recurrence, losing l sIg expression and acquiring the CD2 and CD7 antigens. Molecular analysis by PCR showed similar JH rearrangement to the original leukemic cells, and an additional clonal rearrangement of the TCR g gene, not initially present. However, the CD2 and CD7 antigens are not lineage specific and can be expressed in other leukemias, especially myeloid leukemias. In addition, rearrangement of the TCR g gene is also not always indicative of a T-cell lineage, since it is also reported in other acute leukemias.
Clinically, MLL þ precursor B-ALL is typically associated with a poor prognosis due to recurrent relapses. Similarly, MLL þ mature B-ALL also shows a poor prognosis (4/7) with a tendency for multiple relapses (3/7) ( Table 2 ). Of the three cases achieving complete remission, one is reported in abstract form where follow-up information is not included, one has only 4 months of follow-up, and one is reported as a precursor B-lymphoblastic lymphoma with 3.5 years of follow-up (Table 2) .
In summary, we present two cases of MLL þ mature B-ALL in infants with the typical findings of non-FAB-L3 morphology, expression of monoclonal l sIg, and 11q23 translocation involving the MLL gene. Six other similar cases have been previously reported. Interestingly, all cases analyzed show the presence of the t(9;11) translocation and express monoclonal l sIg. The majority of cases appear to have a poor prognosis. The significance and the reason for the predominance of the t(9;11) translocation and the exclusive expression of lisotype sIg in MLL þ mature B-ALL is unclear. However, the consistent association between the t(9;11) translocation and the sIg þ mature phenotype suggests that mature B-ALL with t(9;11) is a distinct subset of MLL þ B-ALL. Additional cases need to be identified and studied to further clarify the significance of the t(9;11) translocation in ALL of mature B-cell phenotype.
